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INTRODUCTION

Climate change due to the increasing atmospheric carbon dioxide (CO 2 ) concentrations in the atmosphere is now considered to be a major threat to biodiversity as well as to the structure and function of ecosystems (Mc Carthy, 2001). Although all the causes are still subjected to debate [START_REF] Sharp | Future climate change and regional fisheries: a collaborative analysis[END_REF], it is widely accepted that human activities such as fossil fuel combustion, cement production and change in land use [START_REF] Hansen | Dangerous human-made interference with climate: a GISS modelE study[END_REF] drove the rising global atmospheric concentration of CO 2 from a pre-industrial value of approximately 280 parts per million (ppm) to 384 ppm in 2007 (~387 ppm in 2009) [START_REF] Anonymous | Scientific synthesis of the impacts of ocean acidification on marine biodiversity[END_REF].

Moreover, models project that the CO 2 concentration will double by midcentury (> 500 ppm) and could reach between 730 and 1020 ppm in 2100 (IPCC, 2007). The accumulation of greenhouse gases will have profound consequences among which the global warming.

Temperature is expected to increase on average by 3°C at the Earth's surface over the course of this century (IPCC, 2007). Furthermore, the precipitation and evaporation rates that drive the hydrologic cycle as well as the winds regimes will also be affected [START_REF] Roessig | Effects of global climate change on marine and estuarine fishes and fisheries[END_REF].

Regarding the Ocean, similar trends are expected for sea surface temperature due to the warming of the surface mixed layer [START_REF] Levitus | Warming of the world ocean, 1955-2003[END_REF] and the sea level will rise mainly because of the melting ice. Moreover, as the oceans are major carbon sink absorbing about 25% of anthropogenic CO 2 , the sea surface CO 2 partial pressure (pCO 2 ) is also expected to increase [START_REF] Sabine | The oceanic sink for anthropogenic CO 2[END_REF]. This causes major shifts in seawater carbonate chemistry and is likely to reduce pH by 0.2-0.4 units, a phenomenon called "ocean acidification", over the course of this century [START_REF] Caldeira | Ocean model predictions of chemistry changes from carbon dioxide emissions to the atmosphere and ocean[END_REF].

In the northern Europe, the main scenario for climate change is milder, wetter and stormier winters (IPCC, 2007). Summers could be warmer and dryer, although the climatic effect is expected to be less pronounced than in winters [START_REF] Jonsson | A review of the likely effects of climate change on anadromous Atlantic salmon Salmo salar and the brown trout Salmo trutta, with particular reference to water temparature and flow[END_REF]. Simultaneously, the increasing precipitations will directly and indirectly impact the marine coastal area, causing a decrease of the salinity and amplifying the anthropogenic factors, such as hypoxic events linked to increased agricultural runoff or contamination of the nearshore zones by organic and inorganic contaminants released in the environment [START_REF] Harley | The impacts of climate change in coastal marine systems[END_REF]. Thus, the marine biota will have to deal with interactions between increasing seawater temperature, pCO 2 , and well-known anthropogenic stressors such as the contamination by heavy metals.

In ecotoxicology and risk assessment studies, it is widely accepted that the early life stages are the most sensitive to metallic contamination (e.g. [START_REF] Calabrese | The toxicity of heavy metals to embryo of the american oyster Crassostrea virginica[END_REF][START_REF] Warnau | Spermiotoxicity and embryotoxicity of heavy metals in the echinoid Paracentrotus lividus[END_REF][START_REF] Oral | Cytogenetic and developmental toxicity of cerium and lanthanum to sea urchin embryos[END_REF]. Recently, a growing body of works also showed that embryos and larvae were affected by hypercapnia (e.g. [START_REF] Kurihara | Effects of CO 2 -driven ocean acidification on the early developmental stages of invertebrates[END_REF][START_REF] Dupont | Near-future level of CO 2 -driven ocean acidification radically affects larval survival and development in the brittlestar Ophiothrix fragilis[END_REF][START_REF] Walther | Effects of ocean acidification and warming on the larval development of the spider crab Hyas araneus from different latitudes (54° vs. 79° N)[END_REF] as their developing systemic acid-base regulation is not yet fully efficient [START_REF] Pörtner | Physiology and climate change[END_REF]. As the highly productive coastal zones serve as nursery grounds for many marine species of ecological and commercial importance [START_REF] Dunn | Aspects of the stock dynamics and exploitation of cuttlefish, Sepia officinalis (Linnaeus, 1758), in the English Channel[END_REF][START_REF] Selleslagh | Environmental factors structuring fish composition and assemblages in a small macrotidal estuary (eastern English Channel)[END_REF], studying interaction between multiple stressors is critical to project the future of coastal ecosystems [START_REF] Harley | The impacts of climate change in coastal marine systems[END_REF][START_REF] Dupont | Impact of near-future ocean acidification on echinoderms[END_REF].

In Europe, the common cuttlefish Sepia officinalis is seasonally exploited in the English Channel [START_REF] Royer | The English Channel stock of Sepia officinalis: Modelling variability in abundance and impact of the fishery[END_REF] when adults come in the shallow waters to mate and spawn their eggs before massive die-offs [START_REF] Boucaud-Camou | The migrations of the cuttlefish (Sepia officinalis L) in the English Channel[END_REF]. The eggs laid in shallow waters are subject to chronic exposure to various contaminants among which, heavy metals that bioaccumulate in the cuttlefish during its ontogenic development [START_REF] Miramand | Variation of heavy metal concentrations (Ag, Cd, Co, Cu, Fe, Pb, V, and Zn) during the life cycle of the common cuttlefish Sepia officinalis[END_REF][START_REF] Villanueva | Composition in essential and non-essential elements of early stages of cephalopods and dietary effects on the elemental profiles of Octopus vulgaris paralarvae[END_REF]. Experimental studies demonstrated that the cuttlefish embryo is partially protected because of the selective permeability of the eggshell to trace elements, depending on the developmental stage [START_REF] Bustamante | Biokinetics of zinc and cadmium accumulation and depuration at different stages in the life cycle of the cuttlefish Sepia officinalis[END_REF][START_REF] Bustamante | Uptake, transfer and distribution of silver and cobalt in tissues of the common cuttlefish Sepia officinalis at different stages of its life cycle[END_REF](Bustamante et al., , 2006a;;Lacoue-Labarthe et al., 2008a, 2009a[START_REF] Anonymous | Scientific synthesis of the impacts of ocean acidification on marine biodiversity[END_REF]. Moreover, these shielding properties of the egg capsule against Ag, Cd and Zn penetration and the metal accumulation efficiencies of the embryo seemed to be affected when eggs develop under warmer and hypercapnic conditions (Lacoue-Labarthe et al., 2009b).

This study addresses the combined effects of elevated temperature and pCO 2 on the bioaccumulation of selected radionuclides and trace elements in the cuttlefish embryo.

Indeed, the development of nuclear facilities and fallout from nuclear weapon testing resulted in the release of several medium-and long-lived radionuclides into aquatic environments such as 241 Am, 60 Co, 134 Cs, 54 Mn or 75 Se (e.g. [START_REF] Warnau | Biokinetics of radiocobalt in the asteroid Asterias rubens (Echinodermata): seawater and food exposures[END_REF], Ke et al., 1999). Although these radionuclides are generally considered as micropollutants in the oceans, they are known to accumulate in marine organisms (e.g. [START_REF] Miramand | Association of Americium-241 with adenochromes in the branchial hearts of the cephalopod Octopus vulgaris[END_REF]Bustamante et al. 2006b[START_REF] Lacoue-Labarthe | Contrasting accumulation biokinetics and distribution of 241 Am, Co, Cs, Mn and Zn during the whole development time of the eggs of the common cuttlefish, Sepia officinalis[END_REF][START_REF] Metian | Delineation of heavy metal uptake pathways (seawater and food) in the variegated scallop Chlamys varia using radiotracer techniques[END_REF][START_REF] Metian | Characterization of 241 Am and 134 Cs bioaccumulation in the king scallop Pecten maximus: investigation via three exposure pathways[END_REF]. In addition, radionuclides are of specific interest given the ecotoxicological concern regarding their stable isotopes. Indeed, Co, Mn and Se are trace elements that have essential functions in physiology but also toxic effect if they are excessively accumulated in organisms (e.g. [START_REF] Rainbow | Trace metal concentrations in aquatic invertebrates: why and so what?[END_REF]. In this study, we therefore use radiotracers to investigate the bioaccumulation behaviour of these corresponding stable elements that are present in marine waters [START_REF] Warnau | Radiotracer techniques: A unique tool in marine ecotoxicological studies[END_REF].

MATERIALS AND METHODS

Adult cuttlefish were collected by net-fishing off Monaco in April 2008 and maintained in

open-circuit tanks in the IAEA-MEL premises. After mating, the fertilized eggs that were laid by each female were immediately separated to optimise their oxygenation. The eggs (n = 300) were placed and kept in six 5-L plastic bottles (50 eggs per bottle; one bottle per treatment; 0.45µm and UV-sterilized seawater; constantly aerated closed-circuit; salinity 38 p.s.u.; light/dark cycle: 12h/12h) during the full development time in controlled conditions of temperature and pH in a crossed (2 temperatures x 3 pH levels) experimental design. The pH and temperature values were chosen consistent with those of realistic modelled scenarios of climate change that would occur at the end of the century [START_REF] Orr | Anthropogenic ocean acidification over the twenty-first century and its impact on calcifying organisms[END_REF][START_REF] Solomon | Climate Change 2007: The physical science basis. Contribution of working group I to the fourth assessment report of the intergovernmental panel on climate change[END_REF]. Temperature was controlled in each bath to within ± 0.5°C using temperature controllers connected to 300 W submersible heaters. The pH was controlled in each bottle to within ± 0.05 pH unit with a continuous pH-stat system (IKS, Karlsbad) that bubbled pure CO 2 into the bottles that were continuously aerated with CO 2 -free air. The pH was maintained at a mean (± SD) of 7.61 ± 0.11, 7.84 ± 0.04, and 8.09 ± 0.04, at ambient temperature (16.0 ± 0.1°C), and of 7.61 ± 0.08, 7.84 ± 0.04, and 8.09 ± 0.09, at elevated temperature (18.9 ± 0.3°C), corresponding to pCO 2 of 1399, 781, and 404 ppm at ambient temperature and 1440, 799, and 399 ppm at elevated temperature, respectively (Lacoue-Labarthe et al., 2009b). The eggs were exposed to dissolved radiotracer: 0.27 kBq l -1 241 Am, 0.95 kBq l -1 60 Co, 1.18 kBq l - 1 134 Cs (Amersham, UK) and 0.91 kBq l -1 54 Mn and 1.04 kBq l -1 75 Se (Isotope Product Laboratory, USA). Briefly, seawater of each aquarium was spiked with typically 5 µl of radioactive stock solution ( 241 Am dissolved in 1N HCl, 60 Co in 0.1N HCl, 134 Cs in H 2 O, 54 Mn in 0.1N HCl and 75 Se in 0.1N HCl). Seawater and spikes were renewed daily during the first week and then every second day to maintain good water quality and radiotracer concentrations as constant as possible. The detailed experimental procedure has been previously described in Lacoue-Labarthe et al. (2009b).

At hatching time (i.e., 62 d and 42 d at 16 and 19°C, respectively, when first hatching events occurred), in each treatment, 10 eggs were fresh weighed and dissected and the radiotracer activities were counted in the eggshell, the embryo and the perivitelline fluid (PVF). In parallel, 10 newly hatched cuttlefish in each bottle were weighted and counted.

Radioactivities were measured using a high-resolution γ-spectrometry system consisting of four coaxial Germanium (N-or P-type) detectors (EGNC 33-195-R, Canberra ® and Eurysis ® ) connected to a multi-channel analyzer and a computer equipped with a spectra analysis software (Interwinner ® 6). Radioactivities were determined by comparison with standards of known activity and of appropriate geometry. Measurements were corrected for counting efficiency and physical radioactive decay. Counting times were adapted to obtain relative propagated errors less than 5% [START_REF] Metian | Accumulation of nine metals and one metalloid in the tropical scallop Comptopallium radula from coral reefs in New Caledonia[END_REF].

Accumulation of radiotracers was expressed as concentration factors (CF), which is the ratio between radiotracer activity in the egg or egg compartment (Bq g -1 ) and the time-integrated activity in seawater (Bq g -1 ) [START_REF] Metian | Accumulation of nine metals and one metalloid in the tropical scallop Comptopallium radula from coral reefs in New Caledonia[END_REF]. The distribution of metals was expressed a % of the total activity load. Results are expressed as mean ± SD.

RESULTS

At hatching time, only 60 Co, 134 Cs and 54 Mn were accumulated with sufficient activities to be detected in the newly hatched juveniles, showing that 241 Am and 75 Se were not efficiently accumulated during the embryonic development. The lower the pH of seawater where eggs were incubating, the less 60 Co and 54 Mn were accumulated in the tissues of hatchlings (Fig. 1; Table 1). Moreover, this effect tended to be reduced when the temperature increases, i.e. 60 Co and 54 Mn CF values were 1.5 and 1.1 fold lower at pH 7.60 than at normal pH, when eggs developed at 16 and 19°C, respectively. Finally, neither the temperature nor the pH has an effect on the 134 Cs CF values in the hatchlings.

At the end of the embryonic development, radiotracer distribution was determined among the different eggs compartments (Table 2). Regardless the temperature and pCO 2 , over 80% of both radionuclides and trace elements were found associated with the eggshell, with the exception of 134 Cs that was found in variable proportions in the eggshell, the embryo and the PVF. More precisely, the fraction of Cs in PVF was higher at lower pH levels than at normal pH (KW test; p < 0.05), whereas the one in the eggshell was lower at pH T 7.60 than at pH T 8.10 (KW test; p < 0.05). No effect of the temperature was noted on the Cs fraction in PVF (KW test; p > 0.05). Concerning Se, this element was slightly detected in the PVF but not in the embryo.

DISCUSSION

Studying the impact of the ocean acidification on the metal accumulation on water-breathing animals must raise attention on two aspects. On the one hand, the speciation of some metals and their bioavailability could be affected as 241 Am that form strong complexes with hydroxide and carbonate ions [START_REF] Choppin | Actinide speciation in aquatic systems[END_REF], both of which being expected to decrease in seawater (Feely, 2004). Other metals mainly found as free forms (Co 2+ , Cs + , Mn 2+ ), or oxydized state (SeO 4 2-

) will be more available by only few percent with decreasing pH [START_REF] Byrne | Inorganic speciation of dissolved elements in seawater: the influence of pH on concentration ratios[END_REF]. Moreover, the increase in the concentration of H + could reduce by competition for the binding site the metal adsorption on the eggshell surface or epithelia [START_REF] Millero | Effect of ocean acidification on the speciation of metals in seawater[END_REF]. On the other hand, the acid-base balance and ionoregulation impairments [START_REF] Pörtner | Ecosystem effects of ocean acidification in times of ocean warming: A physiologist's view[END_REF] caused by hypercapnia could modify the active transport or passive diffusion of metals through the epithelial membrane (Rainbow, 1997) and therefore the accumulation efficiencies in the animal tissues.

As noticed in previous studies for different elements [START_REF] Bustamante | Biokinetics of zinc and cadmium accumulation and depuration at different stages in the life cycle of the cuttlefish Sepia officinalis[END_REF][START_REF] Bustamante | Uptake, transfer and distribution of silver and cobalt in tissues of the common cuttlefish Sepia officinalis at different stages of its life cycle[END_REF](Bustamante et al., , 2006a;;Lacoue-Labarthe et al., 2008a, 2009a[START_REF] Anonymous | Scientific synthesis of the impacts of ocean acidification on marine biodiversity[END_REF] the behaviour of trace elements towards cuttlefish egg strongly varies according to the considered elements. Among the three element found in the embryo, Co and Mn accumulation decreased with pH as previously observed with Cd (Lacoue- Labarthe et al., 2009b). It is likely that both these "Class Borderline" elements [START_REF] Nieboer | The replacement of the nondescript term 'heavy metal' by a biologically and chemically significant classification of metal ions[END_REF]) might be subjected to increased competition with protons for the adsorption on binding sites on embryonic tissues. Nevertheless, regarding the direct effect of temperature with similar CF at 19°C than at 16°C despite of a shorter exposure duration, we assume that the presumably increased metabolic level of the embryo could contribute to these essential element uptake efficiencies [START_REF] Rainbow | Comparative accumulation of cobalt by three crustaceans: A decapod, an amphipod and a barnacle[END_REF][START_REF] Barceloux | Manganese[END_REF]. The seawater hypercapnia would in this case enhance the metabolic depression of the late-stage embryo [START_REF] Rosa | Synergistic effects of climate-related variables suggest future physiological impairment in a top oceanic predator[END_REF]Melzner et al., sbm) and limit active metal accumulation. Contrasting to Co and Mn, Se passed slightly through the eggshell but was not significantly accumulated by the embryo, suggesting that the need of this essential metal [START_REF] Bell | Effect of selenium deficiency on hydroperoxidestimulated release of glutathione from isolated perfused liver of rainbow trout (Salmo gairdneri)[END_REF] was entirely supplied by the maternal transfer through Se incorporation in the yolk reserve (Lacoue-Labarthe et al., 2008b). More globally, these results raise the question of the impact of a potential depletion in essential elements during the sensitive early-life stages of this marine invertebrate.

Regarding the radionuclide behaviours, the absence of 241 Am neither in the embryo nor in the PVF confirms that the eggshell, retaining more than 98% of the Am amount, totally prevents against 241 Am penetration (Bustamante et al., 2006a;[START_REF] Lacoue-Labarthe | Contrasting accumulation biokinetics and distribution of 241 Am, Co, Cs, Mn and Zn during the whole development time of the eggs of the common cuttlefish, Sepia officinalis[END_REF] and that pH and temperature variations did not affect these shielding properties although the proportion of bioavailable Am increase with decreasing pH [START_REF] Choppin | Actinide speciation in aquatic systems[END_REF]. Oppositely, the eggshell displayed an evident permeability toward 134 Cs (Bustamante et al., 2006a) as CF values were > 10 in the embryo. Interestingly, decreasing pH and increasing temperature did not affect Cs uptake in the embryo but enhanced the proportion associated with the PVF compartment (Table 2). This probably results from the enhanced egg swelling illustrated by higher egg weight under hypercapnic conditions and warm water (Lacoue-Labarthe et al., 2009b). Therefore the fraction of 134 Cs, already described as a tracer of water movement during the cuttlefish egg development [START_REF] Lacoue-Labarthe | Contrasting accumulation biokinetics and distribution of 241 Am, Co, Cs, Mn and Zn during the whole development time of the eggs of the common cuttlefish, Sepia officinalis[END_REF], increased with the perivitelline volume.

In conclusion, this study demonstrates that both temperature and pH have distinct effects on the bioaccumulation in cuttlefish embryos. Both the chemical properties of the elements and the physiological responses of the organism to ocean warming and acidification could account for the observed effects. The impacts of pollutants in the context of the global change, such as the potential depletion of essential elements in embryo, should to be further assessed in marine organisms that use coastal areas to complete their life cycle. 

Table 1 .

 1 Sepia officinalis. Two-way ANOVA parameters testing the effects of three pH (7.60, 7.85 and 8.10) and two temperatures (16 and 19°C) on the weight of the eggs (from Lacoue-Labarthe et al[33]), and on the concentration factor (CF) of 60 Co,134 Cs and 54 Mn in the hatchlings at the end of the embryonic development (see Figures 1).

	Parameter		pH			Temperature		pH X Temperature
		df	MS	F	df	MS	F	df	MS	F
	Egg weight	2	0.587	8.8 ***	1	1.486	22.2 ***	2	0.018	0.3 ns
	60 Co CF	2	20424	17.3 ***	1	454	0.7 ns	2	7465	6.3 **
	134 Cs CF	2	168	0.9 ns	1	345	1.8 ns	2	138	0.7 ns
	54 Mn CF	2	2152	17.3 ***	1	1316	10.6 **	2	2230	18.0 ***
	df = degree of freedom; MS = mean squares. Probability levels for significant effects: p < 0.001 (***), p < 0.01 (**), p <
	0.05 (*), p < 0.1 (									

. ); ns = non significant.

Table 2 .

 2 Sepia officinalis. Distribution 241 Am, 60 Co, 134 Cs, 54 Mn and 75 Se expressed as % among the different egg compartments, at the end of development (after 62 d and 42 d of incubation at 16°C and 19°C, respectively) following three different pH levels at two different temperatures. Sepia officinalis. Concentration factors of 60 Co, 134 Cs and 54 Mn (CF; n = 10), in the newly hatched juvenile exposed at three different pH at 16°C (grey) and 19°C (white) during the whole development time, i.e. 62 d and 42 d, respectively. 241 Am and 75 Se activities levels were under detection limits. Results of the statistical analysis were reported on the Table 1.

	Experiment		16°C			19°C	
		7.6	7.85	8.1	7.6	7.85	8.1
	(a) 241 Am						
	Egshell	98.8 ± 0.2	98.8 ± 0.7	98.2 ± 1.2	96.9 ± 2.2	98.8 ± 0.8	98.3 ± 1.0
	Embryo	< 1	< 1	< 1	< 1	< 1	< 1
	PVF	< 1	< 1	< 1	< 1	< 1	< 1
	(b) 60 Co						
	Eggshell	88.4 ± 0.9	87.2 ± 2.1	90.5 ± 2.6	83.1 ± 1.8	89.7 ± 1.0	91.4 ± 0.4
	Embryo	10.2 ± 0.8	11.5 ± 2.1	8.5 ± 2.6	15.0 ± 1.3	9.0 ± 0.9	8.4 ± 0.5
	PVF	1.4 ± 0.1	1.3 ± 0.2	0.9 ± 0.2	1.9 ± 0.5	1.3 ± 0.4	0.2 ± 0.1
	(c) 134 Cs						
	Eggshell	27.8 ± 11.7	33.0 ± 8.0	52.7 ± 17.6	19.2 ± 3.1	24.9 ± 14.1	48.6 ± 19.5
	Embryo	30.6 ± 14.9	34.0 ± 7.1	30.3 ± 14.6	39.4 ± 5.0	36.0 ± 14.3	42.5 ± 18.1
	PVF	41.6 ± 8.9	33.0 ± 1.7	17.0 ± 4.9	41.3 ± 5.7	39.1 ± 6.1	8.9 ± 2.1
	(d) 54 Mn						
	Eggshell	88.9 ± 1.3	88.8 ± 0.3	88.0 ± 2.6	84.8 ± 2.1	90.2 ± 1.7	83.4 ± 1.9
	Embryo	8.7 ± 0.8	8.9 ± 0.5	10.0 ± 3.0	12.8 ± 2.0	8.1 ± 1.3	15.5 ± 1.7
	PVF	2.4 ± 1.0	2.3 ± 0.4	2.0 ± 0.7	2.4 ± 0.5	1.7 ± 0.4	1.1 ± 0.4
	(e) 75 Se						
	Eggshell	97.2 ± 0.4	97.5 ± 0.4	98.3 ± 0.3	95.0 ± 1.3	96.1 ± 0.4	98.0 ± 0.6
	Embryo	< 1	< 1	< 1	< 1	< 1	< 1
	PVF	2.0 ± 0.2	2.0 ± 0.5	1.1 ± 0.3	3.6 ± 0.8	2.7 ± 0.3	1.0 ± 0.4

PVF: perivitelline fluid. Letters denote statistically significant differences (Kruskall-Wallis test; p < 0.05) between pHs for each temperature. Figure 1.
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